A major mechanism whereby malaria parasites evade the host immune response to give chronic infections in patients' blood for months, or even years, is antigenic variation. In order to generate variant antigens, parasites require large multigene families. Although several gene families involved in these phenomena have been identi® ed in the human malaria Plasmodium falciparum, to date no variant antigen gene families have been identi® ed in malaria species that will infect widely used rodent laboratory hosts. Here we present, for the ® rst time, to our knowledge, a large multigene family conserved in both rodent and human malarias, which is a strong candidate as a major variant antigen gene family. In each of four species of Plasmodium, three rodent malarias and the human pathogen P. vivax, homologues of the gene family were found to have a conserved three-exon structure. In the rodent malaria P. chabaudi, transcription of members of the gene family was developmentally regulated with maximum expression in late trophozoite stages, which is the developmental stage known to express variant antigen proteins.
INTRODUCTION
Malaria, a disease caused by the protozoan parasites of the genus Plasmodium, remains the most important parasitic infection of man, causing 300± 500 million clinical cases and 2.7± 3 million deaths each year (Phillips 2001) . The parasites persist in people by employing the immune evasion mechanism of antigenic variation, which extends both the disease and opportunities for transmission to new hosts via mosquito vectors. Antigenic variation is achieved by malaria parasites through the exclusive expression of a single variant member of a large antigen gene family by any single parasite at a given time. Within an infection, parasites switch expression among members of this variant multigene family, thus enabling parts of the parasite population to evade speci® c immune responses developed to previously expressed antigens of the same family (Phillips et al. 1997) .
The ® rst indication that asexual blood-stage malaria parasites could undergo antigenic variation was the work of Cox (1962) with the rodent parasite P. berghei, while Brown and Brown demonstrated that repeated antigenic variation could occur during the course of a chronic infection with the simian malaria P. knowlesi (Brown & Brown 1965) . Subsequently, antigenic variation was shown to occur in two further monkey malarias, P. cynomolgi bastianelli (Voller & Rossan 1969) and P. fragile (Handunnetti et al. 1987) , in the murine malaria P. chabaudi AS strain (McLean et al. 1982; Phillips et al. 1997) and in P. falciparum in the squirrel monkey (Hommel et al. 1983) and in vitro (Biggs et al. 1992) . The most studied variant antigen in P. falciparum is known as erythrocyte membrane protein 1 (Pf EMP1) (Leech et al. 1984) and the encoding genes belong to a large diverse family called var genes (Smith et al. 1995; Su et al. 1995; Baruch et al. 1997) . Two further gene families, stevor and rif, have also been implicated in antigenic variation in P. falciparum (Cheng et al. 1998; Kyes et al. 1999) . Very recently, a surface variant antigen of P. vivax was found to be encoded by another multigene family, the vir gene family (del Portillo et al. 2001) .
Antigenic variation clearly poses a particular problem in the context of vaccines targeted at the asexual blood stages of the parasite. Variant surface antigens are highly immunogenic and are targets of the protective immune response (Saul 1999) . A better understanding of the impact of antigenic variation on the dynamics of the immune response to blood-stage parasites will facilitate vaccine development. However, experimental investigations of antigenic variation in the human malarias are limited by the lack of suitable laboratory hosts for the human parasites. Experimental immunology and genetics require that parasite± host interactions be amenable to manipulation under controlled laboratory conditions and hence rodent malarias provide the experimental models of choice.
We identi® ed a major gene family in the rodent malaria parasite P. chabaudi during analysis of data derived from a genome survey sequencing project ( Janssen et al. 2001) . We have also identi® ed homologues of this family in the rodent malarias P. yoelii and P. berghei, and, importantly, in the human malaria P. vivax. Here, we present data on the genomic structure of these genes, their relationship to each other and their transcription pattern during the asexual erythrocytic cycle in P. chabaudi. Recently, data were published on the P. vivax gene family vir, which is homologous to the above rodent malaria gene families, giving strong evidence that it encodes immunovariant proteins that have a functional role in antigenic variation (del Portillo et al. 2001) . We therefore propose that the genes we present here are most probably members of a very large variant antigen gene family. Most signi® cantly, this is, to our knowledge, the ® rst time that such genes have been described in both human and laboratory model malarias.
MATERIAL AND METHODS
The parasites used in this study were an AS strain of P. chabaudi, originally provided by Professor D. Walliker (University of Edinburgh) as a cloned and mosquito-transmitted line (see Phillips et al. (1997) for details). Inbred BALBc or outbred ICR mice kept in a reverse light : dark cycle were infected with P. chabaudi and bloodstream parasites were recovered, as described (Janssen et al. 2001) .
Partial sequence data for members of a major P. chabaudi gene family were obtained from analyses of a genome survey sequencing project that we carried out previously and have described elsewhere (Janssen et al. 2001) . Sequence information of some members of this gene family, which we propose to name cir (`fam3' in the previous publication), was extended using rapid ampli® cation of cDNA ends (RACE) to give a full-length mRNA sequence. Brie¯y, a PCR-based method was employed using Clontech' s Smart Race technology according to the manufacturer' s instructions. Obtained products were cloned into plasmid vectors and sequenced using dye-terminator chemistry (Bowman et al. 1999) . Sequences with identical overlapping ends were assembled into a putative full-length mRNA sequence. These sequences were then veri® ed by cloning and sequencing of PCR products obtained from ampli® cation of fulllength cir cDNA using primers targeting the untranslated regions at both 39 and 59 ends.
To obtain an estimate of the relative abundance of cir in the genome, Southern blots of genomic DNA, digested with various restriction enzymes, were probed with 32 P-dATP-labelled fulllength cir cDNA. Full-length genomic sequences of cir were obtained by cloning and sequencing of the PCR products of genomic DNA ampli® cation with primers targeting either end of the full mRNA sequence.
In order to pro® le the transcription patterns of members of this gene family during parasite development in the red blood cells, Northern blot analysis using RNA isolated from ® ve points in the synchronous 24 h asexual erythrocytic cycle was carried out. A synchronous parasite clone was passaged through one mouse before being used to infect mice held in reverse light cycle conditions. Parasites were collected at early ring, ring, late ring, late trophozoite and schizont stages of asexual development. The total RNA was isolated from the parasites using an acid guanidinium thiocyanate-phenol method (Chomczynski & Sacchi 1987) and digested with DNase. The RNA was Northern blotted by standard procedures (Sambrook et al. 1989) . Equal loading of gel lanes and blot transfer ef® ciency were veri® ed by methylene blue staining of membranes after blotting. Hybridization probes were generated by PCR of cir cDNA and radiolabelled with 32 P-dATP using the random priming method (Feinberg & Vogelstein 1983) . Hybridizations and washes were carried out as described previously ( Janssen et al. 2001) . Autoradiography was carried out using standard methods (Sambrook et al. 1989) .
Genomic (GSS) and expressed sequence tag (EST) data for P. berghei ANKA clone 15cy1 (Carlton & Dame 2000) were obtained from the University of Florida, http://parasite. vetmed.u¯.edu/berg.htm. Preliminary sequence data from the P.
Proc. R. Soc. Lond. B (2002) yoelii genome (strain 17X NL, clone 1.1) were obtained from The Institute for Genomic Research website (www.tigr.org). This sequencing program is carried out in collaboration with the Naval Medical Research Centre and is supported by the US Department of Defence. The sequence of the P. vivax, IVD10 YAC clone was produced by the Pathogen Sequencing Group at the Sanger Centre and can be obtained from ftp://ftp. sanger.ac.uk/pub/pathogens/vivax/.
Similarity searching of public databases that contain nucleic acid and protein sequences with the cir sequence was carried out using the Blast algorithm (Altschul et al. 1997) . The P. yoelii genome project, P. vivax YAC and the P. berghei GSS and EST databases were queried locally with cir, using the Fasta algorithm (Pearson 2000) . Sequences considered to be homologous by virtue of a highly signi® cant similarity (E , 10 2 8 ) were analysed to identify protein coding regions and other features within the Artemis package (Rutherford et al. 2000) . EST and mRNA sequences were aligned with homologous genomic sequence data by the Dialign program (Morgenstern et al. 1996; Morgenstern 1999) , using the option of translating the compared nucleic acid segments' to`peptide segments' . In silico analyses of the predicted consensus protein sequence were carried out using Pix at the Human Genome Mapping Project Resource Centre (http://www.hgmp.mrc.ac.uk/).
Phylogenetic analysis was performed on the cir homologue dataset using the maximum-likelihood method (Strimmer & von Haeseler 1997) applied to pairwise sequence distances calculated using quartet puzzling, which automatically assigns estimations of support to each internal branch (Strimmer & von Haeseler 1996) . Trees were drawn using the program TreeView (Page 1996) .
RESULTS
Members of the cir gene family were previously identi® ed as short P. chabaudi GSS fragments (`fam3' ) (Janssen et al. 2001) . However, the quantity of sequence information originally available proved insuf® cient to identify related genes in other organisms and it was not possible to assign functions to these genes.
Initial Northern hybridization revealed a cir gene transcription product of ca.1.8 kb in length in late trophozoites (Janssen et al. 2001) . Extension of one of the original GSS cir sequences using RACE generated two distinct fulllength mRNA sequences, cir1 and cir2 (accession numbers AJ315472, AJ315473). The length of complete transcripts was 1587 nucleotides (nt) for cir1 and 1599 nt for cir2. Open reading frames (ORFs) generated by conceptual translation of the mRNA sequences were 918 nt (306 amino acids (aa)) and 936 nt (312 aa) for cir1 and cir2, respectively. Comparison of the mRNA sequences with sequences of corresponding genomic clones of cir1 and cir2 (accession numbers AJ315474, AJ315475) revealed both genes to have a three exon/two intron structure. A short ® rst exon (30 nt) is separated from the main exon (812± 830 nt) by an intron of 137 nt. The ® nal exon (89 nt) follows an 101 nt intron. The untranslated regions (UTRs) are ca. 306 nt at the 59 end and 109 nt at the 39 end.
Southern blot hybridizations (® gure 1a) revealed that the P. chabaudi genome contains an extensive family of sequences related to cir. Although Southern hybridizations did not allow for a direct measurement of copy numbers Figure 1 . (a) P. chabaudi AS strain genomic DNA was digested with NsiI. Dihydrofolate reductase (DHFR) was used as a control for digest completion. The ® nal wash of the hybridization was at 60°C with 0.5´SSPE. (b) A synchronous clone of P. chabaudi AS strain parasites was passaged through one mouse before being used to infect mice held in reverse light cycle conditions. Parasites were collected at the indicated stages of asexual development and total RNA was extracted by standard methods. Equal loading of gel lanes and blot transfer ef® ciency were veri® ed by methylene blue staining of membranes after blotting. The ® nal washes of the hybridizations were at 55°C with 1´SSPE.
of cir in the whole genome, by extrapolation of the representation of cir members in the original GSS (Janssen et al. 2001 ) an estimate can be made of approximately 600 family members.
Northern blot analysis using RNA isolated from ® ve points in the synchronous asexual erythrocytic cycle revealed that cir transcription peaks at the late trophozoite stage (® gure 1b). Transcription levels during other stages of the life cycle are very low, at the limit of detection by Northern hybridization. During progression of the parasites' erythrocytic cycle from early ring to late ring/early trophozoite stage, changes in number and size of hybridizing RNA bands are evident. Ring-stage parasite RNA appears to contain three distinct cir-like sequences (® gure 1b). This pattern is similar, though less pronounced, in late ring/early trophozoite parasites, while only one major transcription product appears to hybridize with cir in late trophozoites. Schizonts show greatly reduced levels of cir transcript, apparently of the same size as that evident in late trophozoites.
Fasta (Pearson 2000) and Blast (Altschul et al. 1997 ) algorithm-based searches for cir-related sequences in other organisms revealed highly similar gene families in P. berghei, P. yoelii and P. vivax. At the amino-acid level, identities of 30± 50% were found between cir and P. berghei and P. yoelii homologues (® gure 2). We propose to name the cir homologues in P. berghei`bir', and`yir' in P. yoelii. Importantly, bir sequences were identi® ed in the P. berghei EST database, showing that these genes are also transcribed. The P. vivax homologues of cir genes are the vir Proc. R. Soc. Lond. B (2002) multigene family members described by del Portillo et al. (2001) . Identity levels between cir and vir range between 20 and 30% at the amino-acid level. No evidence could be found for sequences sharing signi® cant similarity to cir in the P. falciparum genome, or among the non-redundant sequences of GenBank.
Comparative genomic analysis revealed that intron/exon structure and splice junction sequences are highly conserved among cir homologues in the rodent malaria species (® gure 3). All of the genes analysed have a very short ® rst exon, a long second exon accounting for over 80% of the coding region and a short third exon. Both cir genes had identical splice junction sequences as follows: end 1st exon ctg/gtat, 1st intron/2nd exon junction tag/tgtg, end 2nd exon aag/gtaa and 2nd intron/3rd exon junction tag/tatt. The four yir sequences analysed in detail (accession numbers AJ320478± AJ320481) had splice junctions largely identical to those of cir : end 1st exon rtg/gtat, 1st intron/2nd exon junction tag/tgtr, end 2nd exon aag/gtaa 2nd intron/3rd exon junction tag/tatt. Bir genes were more dif® cult to analyse completely, since genomic information for P. berghei is more limited. The two complete bir genomic sequences analysed (accession number AJ320482) had splice junctions identical to those of yir, with the exception of the 1st exon end, which was gtg/gtay. Two bir genomic sequence fragments had splice junctions for the ® rst two exons identical to those of the other bir sequences. Vir genes, as annotated by del Portillo et al. (2001) , generally have the same intron/exon structure as their rodent parasite homologues. Sequences of vir splice junctions are also very similar to their rodent malaria counterparts, but show greater diversity among different members of the family. The in silico PIX analysis at the HGMP Resource Centre revealed a putative transmembrane domain spanning at least 20 amino acids at the very end of the second exon in all rodent cir homologue sequences. The third exon, which is highly conserved, is predicted as a cytoplasmic domain. No N-terminus consensus signal-peptide sequences were detected in any of the analysed sequences.
Phylogenetic analysis was carried out on all described cir homologue genes from the rodent malarias and three vir genes chosen on the basis of their similarity to cir (® gure 4). The resultant tree shows the rodent malaria genes clustering together, as might be predicted from other studies (Brooks & McLennan 1992) . The vir genes form the outgroup and cluster separately. Notably, the variation among the vir genes appears greater than distances among homologues in the other species.
DISCUSSION
We have identi® ed a variant multigene family, which is highly conserved in three malaria species that infect rodents and is also found in the human parasite P. vivax. This gene family has been shown to have a substantial number of variant members in each species studied; estimates of gene copy numbers of up to 600 per genome in P. chabaudi and P. vivax seem probable. The elucidation of the biological role of these genes is still in its infancy; however, the signi® cance of the gene family to the parasites is apparent from the number of times it is represented in the genome. The high level of sequence diversity found within the family is consistent with, and may indicate, immune selection and consequent antigenic variation. Signi® -cantly, the developmentally-regulated expression of cir in P. chabaudi is consistent with the expression of variant antigen types on infected erythrocyte surfaces during the course of an infection (McLean et al. 1982; Brannan et al. 1994) .
The scope for investigations on the biological role of cir, the signi® cance it may have for host± parasite interactions and its relevance to human disease has been greatly enhanced by the discovery of homologues in three other malaria species. The degree of conservation at the predicted amino-acid level among sequences from rodent malarias is high in the context of genes that are variant members of gene families. Variation among genes examined within a single genome was on a par with variation in predicted protein sequences among genomes of the three rodent malaria species (® gure 2). The P. vivax vir genes showed greater sequence diversity. The analysed vir genes were chosen on the basis of their highest similarity to the rodent malaria genes, which placed constraints on their potential variability. Nevertheless, the vir genes showed greater diversity among themselves than any of the rodent malaria genes (® gure 4). This observation is reiterated by a remarkable conservation of splice junction sequences among the genes in the rodent parasite species, which does not appear to hold true to the same extent for the P. vivax vir genes. The tree analysis results presented here mirror the phylogenetic relationships among the species as inferred from small subunit rRNA (Siddall & Barta 1992) and circumsporozoite protein (CSP) (Ayala et al. 1998) sequences.
On individual chromosomes, cir is very probably arrayed in sub-telomeric regions. Telomeric repeat motifs (Pace et al. 1987; Dore et al. 1990) mapped to most of the larger contigs containing bir and yir gene. Likewise, vir genes have been shown to be arranged in sub-telomeric arrays (del Portillo et al. 2001) .
Investigations into transcription of cir revealed slight variations of transcript size when hybridizing cir probes to Northern blots of RNA derived from parasites isolated from separate experimental infections. This variation was observed to a greater extent in cir-hybridizing bands of RNA derived from a synchronous infection sampled during the asexual erythrocytic cycle (® gure 1b). It is probable that transcript size variation in different parasite populations re¯ects a predominance of expression of a single variant member of the gene family. In this context it is noteworthy, however, that the variant cir mRNA transcripts, which were cloned and sequenced, came from an RNA preparation derived from a single infection experiment. A possible explanation for this result may derive from the fact that the sensitivity of the PCR-based methods used to produce these clones is such that even low-abundance transcripts may be isolated. Considering the premise that cir may well be involved in antigenic variation, this result would not be unexpected since it has been shown that major and minor variant antigen types do coexist in a parasite population (Brannan et al. 1994) , re¯ecting the relatively high in vivo switching rates. Processing of pre-mRNA cir transcripts may provide an explanation for the multiple-transcript patterns observed in ring and late ring stages. The two-intron structure indicated by the genomic/mRNA sequence comparison may be re¯ected by the triple band hybridization pattern observed in these developmental stages, showing the various splicing stages of the pre-mRNA. Signi® cantly, the same threeband pattern could be obtained using variant gene-speci® c reverse transcription-polymerase chain reaction (RT-PCR) (results not shown), while the genomic DNA control reaction of the same conditions only yields a single amplicon of the same size as the largest RT-PCR product. The observed cir/RNA hybridization patterns thus shed Proc. R. Soc. Lond. B (2002) some light on a potential control mechanism possibly utilized in cir expression. Transcript abundance is low during the beginning and end of the developmental cycle, transcription being evidently most active during the middle of the cycle. Enhanced transcript stability and a slow down in transcription as parasites reach the late trophozoite stage would account for the peak in detectable cir transcripts, while lowering the amount of pre-processed mRNA detectable. A halt to cir transcription and a signi® cant decrease in the half-life of cir mRNA during schizont development would explain the dramatic reduction in detectable products. Although the parasites used in this study were undergoing synchronous development at the population level, slight variations in developmental state among individual parasites are expected, with an overlap of ca. 2 h between the appearance of the ® rst-ring stages and rupture of the last schizonts at the end of the cycle. It is therefore probable that cir transcripts detected in early-ring parasite preparations are actually carried over from some late schizonts.
The results from these ® rst steps in the characterization of expression patterns of cir genes ® t well with their potential role as variant antigens. In the human malaria parasite P. falciparum, variant antigen genes belonging to the rif gene family (Fernandez et al. 1999) show a similar timing of transcriptional peak during the erythrocytic asexual cycle (Kyes et al. 1999 ). The well-described var genes of P. falciparum (Smith et al. 1995; Su et al. 1995) appear to undergo more complex transcriptional regulation, with ubiquitous var gene transcription during the earlier parts of the asexual developmental cycle and selective transcription of only one dominant variant gene in trophozoites (Chen et al. 1998; Scherf et al. 1998) . Most signi® cantly, immuno¯uorescent techniques have demonstrated that P. chabaudi expresses variant antigen types during the late trophozoite-schizont stages of development in the bloodstream (Brannan et al. 1994) .
The strongest evidence for cir and its homologues coding for variant antigen genes comes from recently presented work demonstrating that vir genes appear to code for immunovariant proteins functioning in antigenic variation (del Portillo et al. 2001) . The relationship of cir and its rodent malaria homologues to the human parasite P. vivax vir gene family makes them invaluable tools. The results from experimental immunology and genetics with the rodent malaria cir genes will enable predictions to be made concerning the interactions of P. vivax with its human host, which can be checked by clinical observations for their direct relevance to the human disease. Nucleotide sequence data reported in this paper are available in the GenBank, EMBL and DDBJ databases under the accession numbers AJ315472± AJ315475 and AJ320478± AJ320482.
